ABSTRACT The insecticides esfenvalerate, endosulfan, imidacloprid, and methamidophos were screened against 74 clonal populations of the green peach aphid, Myzus persicae (Sulzer), collected as fundatrices from peach (Prunus spp.) and as apterous virginoparae from various weeds near potato (Solanum spp.) Þelds in the Yakima Valley and Columbia Basin regions of Washington state. Response to diagnostic concentration of four insecticide products demonstrated a bimodal pattern of survival to endosulfan (Phaser), suggesting two phenotype classes responding to this insecticide. This pattern was not observed with the other products. Moderately signiÞcant correlations in mortality of aphid clones treated with diagnostic concentrations of endosulfan versus clones treated with methamidophos and similarly with the correlation of mortalities for imidacloprid-treated versus methamidophos-treated clones suggested modest levels of cross tolerance. No signiÞcant correlations were observed with the remaining four possible comparisons. ConcentrationÐresponse bioassays were conducted on 16 clones with the four insecticides. The greatest difference between resistant and susceptible clones (expressed as the ratio of lethal concentrations producing 50% mortality; RR) was only seven-fold observed in the endosulfan-treated clones. The greatest RR was Þve-fold for imidacloprid, four-fold for esfenvalerate, and three-fold for methamidophos-treated clones. Only the endosulfan response is likely to be of biological signiÞcance and reßects the same cyclodiene resistance discovered in this region over a decade ago.
The green peach aphid, Myzus persicae (Sulzer), is the most important aphid pest of potatoes (Solanum spp.) in Washington state, and it also attacks many other vegetable crops worldwide. Its pest status is largely due to the many diseases that it vectors. There are two important aphid-vectored diseases in potato: Potato leaf roll virus (family Luteoviridae, genus Polerovirus, PLRV) and Potato virus y (family Potyviridae, genus Potyvirus, PVY), and M. persicae is an able vector of both viruses. The green peach aphid has a well-documented history of insecticide resistance to most classes of insecticides (Foster et al. 2007 ). The Þrst published evidence of insecticide resistance in any aphid species was reported for M. persicae with Þeld failures of parathion and malathion used on peaches and potatoes in central Washington (Anthon 1955) . More recently, studies on M. persicae on Washington peaches and weeds showed modest resistance to endosulfan (Unruh et al. 1996) but not to the widely used organophosphate chlorpyrifos nor to the pyrethroid esfenvalerate. The resistance to endosulfan led to the discovery of the Þrst case of the resistance to dieldrin (Rdl, a GABA-gated sodium channel insensitivity) class of resistance in an aphid (Anthony et al. 1998 ).
In the decade since these studies, management of M. persicae in Washington peaches and nectarines (Prunus spp.) has changed only slightly; however, pesticide use pattern in potatoes has changed considerably. Early season and at-planting uses of carbamate and organophosphate insecticide has declined, whereas neonicotinoid insecticide use at planting has increased. However, the organophosphate methamidophos and the pyrethroid esfenvalerate are still commonly used when the at-planting neonicotinoid or aldicarb treatments begin to loss potency for control of M. persicae latter in the growing season (70 Ð90 d after planting; Schreiber et al. 2007 ); Colorado potato beetle, Leptinotarsa decemlineata (Say); and more recently potato tuberworm, Phthorimaea operculella (Zeller), and beet leafhopper, Circulifer tenellus (Baker). Both the growing reliance on neonicotinoid insecticides and the increase in pesticide use directed at the beet leafhopper and potato tuberworm (Schreiber et al. 2007) suggested that it was timely to survey insecticide resistance levels in peach and potato production areas of Washington.
M. persicae displays two life history patterns in central Washington. The Þrst pattern is holocyclic reproduction, characteristic of colder temperate climates, in which the aphid uses a primary overwintering host for a single sexual generation. Winged gynoparae colonize Prunus spp. (primarily Prunus persicae L. [peach and nectarine]) in the fall and produce oviparae that mate and lay overwintering eggs (van Emden et al. 1969) . Eggs hatch in spring, and many parthenogenetic generations are passed on secondary hosts consisting largely of annual plants, including potato. The second life history strategy is anholocyclic (no sexual cycle) or androcyclic (limited production of males) and is characteristic of M. persicae in warmer temperate and subtropical climates. These divergent life histories are associated with speciÞc forms of insecticide resistance based on ampliÞed carboxyl-esterase genes and also are associated with chromosomal modiÞca-tions. Anholocyclic forms usually show an autosomal translocation and the E4 type of esterase overproduction, whereas holocyclic aphids usually show a normal karyotype and the FE4 from of ampliÞed esterase, if present (Blackman et al. 1978 (Blackman et al. , 1999 .
Many holocyclic M. persicae in central Washington are likely to experience a single targeted insecticide treatment on peaches and may also be exposed collaterally in the orchard environment to pesticides directed against other peach pests (e.g., endosulfan, diazinon, esfenvalerate) (Beers et al. 1993 , Smith 2007 . Later, they may be exposed to multiple insecticides sprayed on potatoes and other vegetable crops during the summer (Schreiber et al. 2007 ). The anholocyclic mode predominates in the United Kingdom, perhaps because of the dearth of its primary host and relatively milder maritime climates of the United Kingdom compared with central and northern Europe (Williams et al. 2000) . Anholocycly also may be well represented in central Washington due to the availability of freeze-protected habitats and low-temperature adaptations of local M. persicae clones (Tamaki et al. 1982 , Pike 2007 ).
Methods and Materials
Aphid Colonies. Holocyclic M. persicae were collected between 2 and 26 March as fundatrices or young Þrst generation virginiparae from peach or nectarine orchards from 22 locations in six counties of central Washington. Fundatrices were identiÞed from their characteristic robust body shape and orangegray color compared with normal virginoparae. Multiple clones were established in the laboratory from each peach location by rearing young apterae from collected fundatrices on excised peach shoots. Young apterae produced were transferred individually to excised leaves of Chinese cabbage (Brassica chinensis L. ÔLei-ChoiÕ), and ultimately survivors were used to found colonies with the restriction that only one aptera survivor was used from a given fundatrix.
Nominally anholocyclic clones were collected between 3 and15 March (except one clone collected on 15 April) from weed hosts from 15 locations in four counties. Similarly, apterae collected from weeds were transferred to Lei-Choi and a single aptera was used to start each colony. These sites of both peach and weed collections made in 2003 are mapped in Fig.  1 . Aphid colonies of both reproductive types were maintained in 3.8-liter glass jars with a piece of organdy over the jar opening held secure with a threaded metal lid in which a 10-cm hole had been cut to allow ventilation. Each jar contained a single Physalis floridana Rydb. plant in a 4-cm-plastic pot that was partially buried in 5 cm of a peat, sand, and vermiculite potting mix. Chambers were kept in a room at 21 Ϯ 3ЊC and 8 cm below two 40-W ßuorescent bulbs (cool white, Sylvania, Danvers, MA). Plants were watered once weekly, and a photoperiod of 16:8 (L:D) h was maintained. To perpetuate a colony, 10 to 15 apterae were taken from a well infested or declining plant and transferred to a new jar with a clean (aphid-free) P. floridana plant. Two or more replicate jars were retained for each clone and new replicate jars were established as plant health, aphid density, and bioassay needs dictated.
Bioassays. Both diagnostic and concentrationÐre-sponse bioassays used the same procedures that are modiÞcations of methods in Unruh et al. (1996) . Brießy, a small, 4 Ð 6 cm 2 , leaf section from a Lei-Choi plant was placed into a 5.5-cm-diameter plastic petri plate lined with moist Þlter paper. Twenty Þve to 40 apterous viviparae (third or fourth instars) were removed with a Þne brush from a leaf of the Physalis plant on which they were reared and placed on the adaxial surface of the cabbage leaf section. The petri plate was then covered and incubated for 2Ð 4 h at 21 Ϯ 2.0ЊC, 40 cm below a lamp with three ßuorescent bulbs (6-W daylight F6T5/F, Eiko-Ltd., Shawnee, KS) to allow the aphids to settle and feed. Leaves were then inspected and aphids that migrated to the abaxial surface of the cabbage leaf section and seemed to be healthy and feeding were retained on the leaf; all others including wandering and dead were removed with Þne forceps. Inspected leaves were then transferred to a 9-cm-diameter Petri plate lined with damp Þlter paper, three leaves per plate, with the abaxial surface bearing the aphids facing up. The dish was placed in a Potter Precision Laboratory Spray Tower (Burkard Manufacturing Co. Ltd., Uxbridge, United Kingdom) that was run for 7 s to completely deliver spray. In all cases, insecticides were suspended in 2 ml of deionized water and were sprayed onto the petri plate through a 0.0275-cm-diameter atomizing nozzle with a pressure of 0.5 kg/cm 2 . The leaves were returned to the smaller petri dishes, covered, and incubated as described above for 24 h. To assess mortality aphids were touched lightly with a Þne brush. If they responded normally by moving around their inserted stylets or by walking away, they were classiÞed as alive. They were classiÞed as dead if 1) their stylets were inserted into the leaf and they failed to move their legs or antennae when touched, or 2) the stylets were not inserted and they were unable to right themselves or walk when touched.
In preliminary bioassay studies with three arbitrarily chosen clones (data not shown), we chose a diagnostic concentration for each insecticide that would kill 75Ð90% of the aphids, for at least two of these clones. Subsequently, each aphid clone was treated with the following diagnostic concentrations: Subsequent concentrationÐresponse bioassays were conducted for each insecticide by using seven to nine clones of M. persicae that were among the most tolerant or most susceptible to each insecticide as determined from the diagnostic concentration study. We selected four peach-derived clones and four weed-derived clones for each insecticide to have representation for the holocyclic and anholocyclic life cycles, respectively. We used two or three of the more tolerant clones and one or two susceptible clones in each life cycle group for each insecticide and used the same clones with other insecticides if they were also among the most susceptible or tolerant clones to those insecticides. Generally, for a given aphid clone and insecticide, four to Þve concentrations plus a water control were tested on the same day. However, three to nine concentrations were ultimately used for analysis, the number of concentrations required depending on the ßatness of the concentration-response curve. A concentration bioassay using a two-fold dilution series was replicated two to Þve times for each clone by insecticide combination. For a typical series, one plate of test aphids was challenged with each of four to six concentrations and two plates were sprayed with water. When control mortality exceeded 15%, the whole series was discarded. In all cases, petri dishes destined to receive a water spray versus an insecticide were selected at random.
Data Analysis. Untransformed proportion mortality was corrected for control mortality using AbbottÕs formula (Abbott 1925) for each bioassay and used to produce integer values for number responding versus tested. The frequency distributions of the corrected mortalities to the diagnostic concentrations were examined graphically as histograms to identify modality of response proÞles where a multimodal response suggested a subset of clones showing a phenotypic difference in tolerance or resistance (Unruh et al. 1996) . Simple correlation and regression analyses were used to detect evidence for cross-resistance among the four insecticides (PROC CORR, PROC REG, SAS Institute 2002).
Abbott-corrected mortality (Abbott 1925 ) and the natural log of the pesticide concentration from the bioassay data were subjected to probit analysis (PROC PROBIT, SAS Institute 2002) for each pesticide by clone combination. The standard probit (normal) model was found to provide a poor Þt to the aphid data in all cases. Hence, the best Þtting model (logistic or Gompertz distribution options in the model statement of PROC PROBIT) was used to estimate the slope and its standard error from the log concentration versus transformed mortality regression. The LC 50 value with its 95% Þducial limits (FL) and the goodness-of-Þt of the LC 50 value of tolerant clones divided by the LC 50 value of the most susceptible clone(s). LC 50 values were considered signiÞcantly different if their 95% FL did not overlap (Finney 1971) .
Results
Seventy-four clones were tested in the diagnostic concentration survey to detect tolerance to one or more insecticides. Clones exposed to esfenvalerate showed an average Ϯ SE mortality of 67.2 Ϯ 2.2% (n ϭ 74); a signiÞcant difference was observed between the mean mortality of the 16 weed-derived clones (81.9 Ϯ 5.7%) and the mean mortality of the 58 peach-derived clones assayed (63.4 Ϯ 2.8%). Mortalities for the three other insecticides were as follows: methamidophos, 86.8 Ϯ 1.0% (n ϭ 72); endosulfan, 84.0 Ϯ 2.3% (n ϭ 69); and imidacloprid), 85.4 Ϯ 1.2% (n ϭ 72). Differences in mortalities between weed-and peach-originating clones were Ͻ5% and not signiÞcant for these three insecticides. Histograms summarizing the distribution of mean mortality for the M. persicae clones after treatment with the diagnostic concentrations of each insecticide are presented in Fig. 2 . By inspection, it is evident that the endosulfan-treated clones showed a signiÞcant deviation from the null expectation of a unimodal distribution; it showed a large peak in the 90 Ð100% corrected mortality frequency class and a contrasting broad low peak spanning the 20 Ð 80% mortality classes. A similar pattern was observed in a previous study and was taken to suggest the presence of two phenotypes (Unruh et al. 1996) . A broad unimodal distribution was evident for esfenvalerate, and the remaining two insecticides showed narrow unimodal distributions. Evidence for shared tolerance was suggested by correlation among clones in mortality to the diagnostic concentrations for two of out of the six possible pairwise comparisons among insecticides. Namely, marginally signiÞcant correlation was seen between mortality to endosulfan and mortality to methamidophos (r ϭ 0.24, P ϭ 0.05, n ϭ 70) and slightly stronger correlation was observed between imidacloprid and methamidophos (r ϭ 0.36 P ϭ 0.002, n ϭ 69) (Fig. 3) . No signiÞcant correlations were seen in the other four possible pairwise comparisons (P Ն 0.2; data not shown).
ConcentrationÐresponse curves for the four insecticides revealed very little variation among clones for the lethal concentrations (LC 50 ) for three of the four insecticides (Table 1) . No susceptible reference colonies were used in this study but the most tolerant or resistant colonies were compared with the most susceptible colonies for a given insecticide. The highest observed resistance ratio (RR) was for endosulfan and was 7.2-fold (5.1Ð9.9 conÞdence interval [CI]) between tolerant clone P58M compared with susceptible clone W09 and almost 7-fold for W08 over W09. These RR values for endosulfan are lower than those reported previously (Unruh et al. 1996 ), but they still suggest a modest level of resistance to endosulfan persists in Washington populations of M. persicae. The highest LC 50 ratio (RR) between the most tolerant and most susceptible clones treated with esfenvalerate was only 4.2-fold. Similarly, maximum observed RRs were 4.9-fold for imidacloprid and 3.4-fold for methamidophos. 
Discussion
This resistance survey provides no evidence of serious resistance levels in M. persicae populations in central Washington peach and potato production areas. The frequency distributions of clone mortalities after challenges with diagnostic concentrations of the four insecticides tested indicated that only a modest level of resistance to the cyclodiene endosulfan was present. The resistance factor likely responsible for the endosulfan resistance seen here and associated with the bioassays done more than a decade ago with M. persicae collected from peach in Washington (Unruh et al. 1996 ) is known as resistance to Rdl. This resistance mechanism is based on target site insensitivity stemming from a single amino-acid substitution in the GABA receptor and was Þrst described with dieldrin (ffrench-Constant and Devonshire 1986). The Rdl mechanism underpinning M. persicae resistance to endosulfan was subsequently veriÞed by molecular studies and further bioassays of a subset of the clones from the Washington study (Anthony et al. 1998) . The resistance ratios of 6-to 7-fold seen in this study suggest that Rdl may have been detected only in the heterozygote conÞguration, which imparts a lower resistance level than the homozygous resistance condition (Anthony et al.1998 ). Previously, we detected RRs in excess of 20-fold (Unruh et al. 1996) as did Kerns et al. (1998) in Arizona, which correspond to the homozygous Rdl genotype (Anthony et al. 1998) .
Rdl has been monitored in French populations of M. persicae on peach by using a polymerase chain reaction-based approach (Guillemaud et al. 2003) . This resistance was rarely found in the homozygous state and seemed to decrease over the winter after the aphidÕs sexual cycle on peach. This decline in Rdl resistance frequency was ascribed to reduced survival of the resistant forms (23% of the total), which in that comparison were 95% heterozygotes (19 of 20 resistant from 86 total aphids) falling to two heterozygotes out of 36 aphids. Continued regular use of endosulfan in spring in peach and nectarine orchards and occasional use in potatoes may account for persistence of Rdl in Washington.
For the remaining three products, the variation in tolerance among clones was even lower than that for endosulfan. When coupled with the observed patterns of mortality presented in the diagnostic concentration studies (unimodal distributions of mortality), the data suggest that they may show tolerance based on polygenic variation of genes of small effect (Unruh et al. 
1996
). It remains possible that genes known to impart resistance to pyrethroids and organophosphates, namely, E4-and FE4-ampliÞed esterases (Field and Devonshire 1998) , are segregating in M. persicae in Washington. The broad distribution of mortality seen for esfenvalerate (Asana XL) in particular does suggest one or more resistance genes of modest effect may be segregating in M. persicae clones in central Washington. Recent studies have identiÞed only very modest variation in tolerance/resistance to imidacloprid from various localities (Foster et al. 2003 (Foster et al. , 2007 . In all cases, the resistance levels were Ͻ20-fold above a highly susceptible test clone. Those studies, as with those presented here, provide no evidence of neonicotinoid resistance in M. persicae of any practical importance.
In Europe, M. persicae often shows moderate resistance to many organophosphate, carbamate, and pyrethroid insecticides (Foster et al. 2007) . Causes include ampliÞed carboxyl-esterases, modiÞed acetylcholine esterase (MACE), and knockdown resistance (Foster et al. 2007) . In contrast, studies in Washington have not revealed high enough resistance levels in M. persicae to warrant concern by pest managers (Pike 2007) . The notable exceptions were reports of failures of organophosphate and carbamate insecticides by Anthon (1955) and the more recent report of resistance to endosulfan (Unruh et al. 1996) . In both cases, the reports of Þeld failures were predominantly from peach hosts, but the Rdl resistance also was seen in weed-derived and presumably anholocyclic aphids that do not develop on peaches (Unruh et al. 1996 , Anthony et al. 1998 . Still, the type of life cycle the aphids express in Washington may be an important factor in resistance development in Washington.
In England, the E4 form of ampliÞed esterase resistance is largely found in the anholocyclic form of the aphid that does not have a sexual cycle nor uses peach as a winter host (Blackman 1974 , Blackman et al. 1999 . Once resistance occurs, it is likely to remain unless these asexual lineages die off from poor winter survival (Furk et al. 1990 , Foster et al. 1997 ); a similar case has been made for MACE (Foster et al. 2007 ) by virtue of it too being closely linked to a chromosomal translocation associated with anholocyclic life cycle Insects is the number of individuals assayed; concn is the number of concentrations used; Mdl is the model used to Þt dose-response (logistic or Gompertz); 2 and P ( 2 ) reßect the goodness-of-Þt test and associated P value; and LC 50 estimates are considered statistically different if 95% FL do not overlap (i.e., do not share the same letter sufÞx).
(but see Guillemaud et al. 2003) . Finally, the mechanism of gene silencing that can stop expression of ampliÞed esterase genes (Field et al. 1989) seems to be largely associated with the anholocyclic form (Field and Devonshire 1998) . This presents a particular problem for identifying resistant phenotypes because ampliÞed genes may become silenced, but they can begin to express again after stimulation from pesticide exposure (Hick et al. 1996) . This may represent a form of resistance that is particularly hard to track in the absence of more sophisticated and tedious molecular methods. It may also allow the expression of the resistance during the summer generation on potato when exposed to insecticides followed by reversion to the silenced form during the winter when overexpression may inßuence survival.
Although only 20% of the clones assayed for this study were from weeds collected near potato Þelds and likely to be anholocyclic, their life cycle categories were not veriÞed by laboratory studies that expose them to short day lengths that stimulates sexual production (Blackman 1974) . However, owing to the early to mid-March collection dates of these clones it is highly likely that they were anholocyclic forms. Fundatrices of holocyclic populations on peach trees were only beginning to mature at this time period and the aphids collected on weeds were from habitats distant from peach trees and from plant species known to harbor anholocyclic M. persicae over the winter in Washington (Tamaki et al. 1982 , Pike 2007 . Thomas et al. (1997) suggested that aphids enter Washington potato Þelds from peach orchards, and, by extension, are holocyclic; however, the data supporting this contention were circumstantial. The linkage of different resistant types with life cycles types suggests that further study of this relationship is warranted in M. persicae populations in the potato production regions of Washington, Oregon, and Idaho. SpeciÞcally, we need to identify the proportions of holocyclic and anholocyclic forms of M. persicae in potato Þelds in potato production areas and to evaluate the resistance status of these forms. Future work may use molecular assays to determine presence of resistance alleles for the known mechanisms (Guillemaud et al. 2003; Foster et al. 2007 ). This approach allows sampling of many more genomes than the traditional bioassay methods have allowed.
